INTRODUCTION
Human papillomavirus (HPV) infection is the major risk factor for cervical cancer. 1 Although effective screening methods (cytology and HPV testing) exist and several effective prophylactic vaccines are licensed, cervical cancer is still common among women globally. 1 Research on how effective health services are in real life and methods to obtain an evidence basis for how they could be improved is therefore a priority. Most countries that organise cervical screening programmes also have comprehensive screening registries that can provide the evidence base for evaluation and improvement, 2 but modes of operation of these registries vary and the rate of innovation to evaluate new methods for data capture and analysis can also be variable.
Sweden has had organised cervical screening since the 1960s, with very high population coverage by international standards (participation rate 82%) (www.nkcx.se); despite this, more than 450 women are diagnosed with cervical cancer every year. 3 The Swedish National Cervical Screening Registry (NKCx) collects and evaluates comprehensive data on cervical screening, as a basis for evidence-based optimisation of cervical cancer prevention in Sweden. 4 As part of an initiative to promote excellence in the operation of quality registers in healthcare, the screening registry piloted systematic, population-based HPV genotyping of cervical cancers and importing of resulting data. For all cervical cancers diagnosed in Sweden during a 10-year period, 2002-2011, we requested the corresponding archival diagnostic blocks and subjected the delivered blocks to HPV genotyping. Consecutive and population-based HPV genotyping data of cervical cancers will establish a baseline of the HPV type-specific disease burden as basis for optimising cervical cancer prevention strategies and enable a later comparison after the switch to primary HPV screening and/or implementation of new vaccination strategies.
MATERIALS AND METHODS
Data sources and registries used to collect data Data on all cases of cervical cancer and unspecified uterine cancer diagnosed between 2002 and 2011 were retrieved from the Swedish National Cancer Registry (NCR). The medical charts of all 4533 registered cancers were retrieved from the respective hospitals and subjected to a detailed review by an experienced gynaecologist. Primary, invasive cancers of epithelial, cervical origin were confirmed in 4254 cases and clinical data including histopathology, FIGO cancer stage and treatment were collected (Fig. 1) .
We obtained ethical approval to collect archival material from all cervical cancer cases, to perform histopathology review of the diagnostic slides, and to collect the formalin-fixed paraffinembedded (FFPE)-blocks for HPV-genotyping. The Regional Ethical Review Board determined that, due to the population-based www.nature.com/bjc nature of the study, informed consent from study participants was not required (EPN-Dnr: 2011/1026-31/4) and collection of the samples for histology review and HPV-typing was also allowed (EPN-Dnr: 2012/1028/32).
Access to the samples was requested from 25 different biobanks that serve as regional administrative units. Samples are stored in 30 local pathology laboratories (for Stockholm county the oldest cases are stored in a long-term storage facility). All biobanks approved access to the diagnostic slides. Twenty-two biobanks also approved the application for FFPE-blocks but three biobanks declined. In total, five biobanks never sent any blocks. All diagnostic slides were reviewed by an expert pathologist. In total, 2954 blocks from 2932 patients were received for sectioning. Information on histopathology type was collected and the FFPE block with the highest tumour to healthy tissue proportion and the most severe morphology was chosen for HPV genotyping (one block per patient).
Sectioning, DNA extraction and genotyping All cases were sectioned at an accredited laboratory, HistoCenter, Inc. in Gothenburg, Sweden, according to a contamination-proof procedure, as previously described. 5 The first and last sections for each case were stained with haematoxylin and eosin (H&E-staining) for later re-review. In-between each case-block, a blankblock was sectioned as contamination control. All sections, blankblocks and case-blocks, were extracted with a xylene-free method 5, 6 and HPV genotyped using PCR with modified general primers (MGP)-PCR (primer targeting L1) and hybridisation with type-specific probes in Luminex, as previously described. 7, 8 Fortytwo beads, encompassing 37 different HPV-types, three HPV variants, and two 'universal' HPV probes, were included in the Luminex. If the case was HPV-negative, extracted material from both the blank-block and case-block was diluted 1/10 and retested.
Blank-blocks and the matched case-blocks were treated in exactly the same way during the whole process. All samples were analysed for beta-globin by quantitative real-time PCR to confirm sample adequacy, as previously described. 9 The blank-block had to be negative for both HPV and beta-globin and the case-block positive for beta-globin. Cases that were beta-globin negative were classified as inadequate samples and were not analysed (n = 4). Cases with a contaminated blank block were not analysed (n = 11). Cases with a valid HPV negative result (both undiluted and diluted 1/10) were re-reviewed by an expert pathologist to confirm presence of invasive cervical cancer tissue, as previously described. 5 In total, 44 cases were not confirmed to contain invasive cervical cancer tissue in the block and were excluded from the study.
Quantitative real-time PCR for HPV16 and HPV18 Cases that were HPV-negative in genotyping but whose tumour material was confirmed to contain invasive cervical cancer tissue were analysed for the E6/E7 regions of the two most common oncogenic HPV types, HPV16 (primer targeting E7) and HPV18 (primer targeting E6).
5, 10-12 Briefly, 1 µL DNA was used in both assays with a total volume of 25 µL. Both PCRs used a standard curve with a known concentration of 1-10,000 copies/µL.
Implications for HPV vaccines
In order to estimate the proportion of the current tumour series that might have been prevented by current HPV vaccines, we calculated the proportion of tumour HPV types covered by the bivalent HPV vaccine, quadrivalent HPV vaccine and nonavalent HPV vaccine, respectively. In this calculation, we only considered Excluded:
1. Not primary invasive cervical cancer based on medical charts and histopathologist review (n =279)
1. Technical issues/invalid blocks (n =15) (a) Case-block beta-globin negative (n =4) (b) Blank-block HPV and/or beta-globin positive (n =11) 2. Not invasive cervical cancer based on histopathologist re-review for HPV negative blocks from sectioning (n =44) (a) Not primary cervical origin (n =169) (Table 2) . When considering HPV type distribution regardless of single and/or multiple infection status, the results remained unchanged compared to when describing type distribution based on single infections only ( Table 3) .
The slides from the sectioning were re-reviewed by the study pathologist for the 527/2850 (18%) of cases that were negative after HPV genotyping. No invasive cervical cancer tissue was found in 44/527 (8%) of these cases and therefore, they were excluded after this re-review. The remaining 483/527 (92%) negative cases were analysed for HPV16 (E7 gene) and HPV18 (E6 gene) using quantitative real-time PCR. Eighteen percent (89/483) of these cases were positive for E6/E7 of HPV16 and/or HPV18.
When combining the data on single infections from the HPV genotyping and real-time PCR, the two HPV types (HPV16 and 18) in the bivalent vaccine were found in 79% of all HPV-positive (65% of all) cervical cancers. The proportion of tumours positive for the four types in the quadrivalent vaccine (HPV6, 11, 16 and 18) was also 79%. The types in the nonavalent HPV vaccine (HPV6, 11, 16, 18, 31, 33, 45, 52 and 58) were found in 94% of all HPV-positive cases and 78% of all cases (Table 4 ).
DISCUSSION
We report that systematic and nationwide HPV genotyping of a consecutive series of invasive cervical cancers in a nationwide case-control audit is feasible to perform as part of the routine programme improvement and quality assurance work of a cervical screening registry. In so doing, we provide one of the largest series of HPV genotyping data in cervical cancer to date.
We used identifiable data from the comprehensive National Cancer Registry and had access to medical records for case ascertainment and to a majority of the archival blocks from the pathology biobanks in the country.
Contamination-proof, standardised and quality-assured sectioning of FFPE blocks is an important bottleneck in many studies of viral detection in FFPE specimens and we were fortunate to locate a certified sectioning company that could provide this. The review of all slides by an experienced pathologist to both confirm invasive epithelial cervical cancer and to select which block should be sectioned and tested (based on highest proportion of invasive tissue in the block) is another important strength. The alternative strategy to select the block that tests positive in the case of multiple blocks creates a systematic bias and should be avoided. Although all pathology biobanks were (in principle) open access, not all blocks from case patients were actually sent. A number of blocks were not sent due to quality issues such as lack of tissue left in the block, or the diagnostic slides we required for review having been discarded. Furthermore, 636/ 4275 blocks (~15%) were not sent because the biobank did not approve our application for access. Three of the 22 counties approved the application but did not send any blocks. Some offered to instead provide sections from the block if they performed the sectioning themselves. As mandated by European Union purchasing laws for services worth as much as the amount of sectioning required by this study, we requested sectioning services through a formalised purchasing procedure and were therefore legally unable to use other sectioning services than from the company that had won the tender. Also, a central, accredited laboratory for sectioning is crucial in order to avoid variability in sectioning procedures. Ordinary H&E staining of the first and last section before the sections that were HPV genotyped enabled verification of whether the sections tested did indeed contain cancer tissue.
Limitations of our study include that some diagnostic FFPEblocks might have been sectioned so many times that no cancer tissue is left in the block that was delivered to us. Pathologist services to re-review the entire study of almost 6000 slides, first and last for all cases, was too expensive and we therefore decided, already at the outset, to re-review only HPV-negative specimens. This could conceivably have resulted in that some positive HPV-tests derive from specimens where cancer tissue was not present. However, only a small proportion (8%) of the HPV-negative specimens that we did re-review were excluded because of lack of cervical cancer tissue and since specimens positive for a virus with tropism for epithelium should have contained at least some epithelial tissue, the proportion of false positives is likely to be even lower in the full material. The fact that very few tumour specimens contained more than one HPV type also suggests that presence of HPV types originating not from the cancer but from adjacent benign epithelium is likely to be very low.
Some cervical cancers in this study were HPV DNA negative, even though HPV is considered a necessary risk factor and virtually all cervical cancers in situ are HPV-positive. 13 Cervical cancer cases that appear to have lost HPV DNA seem to constitute a specific subgroup of cervical cancers with a different biological behaviour (worse prognosis). 14, 15 Possibly, some or all of the HPV genome may have been lost with increasing progression of the tumour resulting in that the HPV L1 region was no longer detectable. Indeed, the proportion of HPV-positive cancers increased when also testing for the E6/E7 region. Future efforts should be directed at testing whether parts of the HPV genome may still be present in these apparently HPV-negative cancers.
When estimating the effect of eliminating HPV vaccine types from the population, the proportion of all cervical cancers that were found to contain vaccine types (e.g 78% containing the nine vaccine types included in the nonavalent vaccine) constitutes a lower bound of the estimated effect and the proportion of HPVpositive cancers that contain vaccine types (e.g. 94% for the nonavalent vaccine) constitutes an upper bound of the estimated effect. A large meta analysis 16 found that more than 2/3 of ICC and half of HSIL could be prevented by vaccines protecting against HPV16 and 18, a finding which we confirm.
Cross protection seems to vary between the vaccines and elimination of HPV types merely by cross-protection is conceivable, 17 but estimation of the possible effects of crossprotection was considered to be beyond the scope of this paper. Similarly, formal predictions of number of cases prevented for each year after vaccination would require a more comprehensive age and period effect analysis. The problem with assigning causality on cases with multiple infections has been extensively discussed and several strategies to approach Nationwide comprehensive human papillomavirus (HPV) genotyping C Lagheden et al.
the problem have been proposed. 18 However, none of these approaches are entirely satisfactory. Therefore, as 96% of our cases were only positive for a single HPV type, and consideration of multiple infections did not change which conclusions on type distribution, we decided to focus our analysis on single infections only.
Conclusion
We present one of the largest series of HPV-genotyped cervical cancers to date. The systematic collection of cervical cancer HPV genotyping data by the screening registry will facilitate prevention and monitoring of the HPV type-specific disease burden.
